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Free alignment defect, low driving voltage of half-V ferroelectric liquid crystal device
The horizontal chevron alignment defect in half-V mode ferroelectric liquid crystal ͑FLC͒ cell can be reduced by asymmetrical alignment hybrid cell. The low free energy level generated from the interaction between spontaneous polarization and opposite polar alignment surfaces was found. As a result, uniformly aligned FLC cell can be achieved without applied Ferroelectric liquid crystals ͑FLCs͒ have been vigorously studied since surface-stabilized FLC ͑SSFLC͒ was first reported in 1980. 1 The characteristics of submillisecond response time and bistability in FLCs have greatly attracted the public attention for exploring numerous applications in fast response devices. Although FLCs possess these interesting properties, their drawbacks, such as high driving voltage, inability of obtaining gray scale, difficulty in achieving well LC alignment, etc., have hindered them from becoming mainstream materials. Numerous FLC modes were previously proposed to provide gray scale ability. [2] [3] [4] [5] [6] [7] [8] In particular, the half-V mode FLC ͑HV-FLC͒ ͑also known as continuous director rotation FLC͒ was developed to achieve continuous gray scale in the 1990s, and the FLC active matrix display application became feasible thereafter. 7, 8 The horizontal chevron alignment defect, however, remains unresolved in HV-FLC devices, owing to the indistinguishable free energy from the spontaneous polarization ͑P S ͒ up and down domains when the LC is cooled down from N ‫ء‬ -SmC ‫ء‬ phase, 9, 10 as shown in Fig. 1 . The horizontal chevron alignment defect is suggested to be suppressed when a dc electric field is applied during the N ‫ء‬ -SmC ‫ء‬ phase transition. 9, 10 This dc voltage annealing process, however, is difficult to implement for the panel making due to the residual charges 11 and subpixels' electrode design. In this study, we approached the horizontal chevron alignment defect issue from the physical aspect of the FLC's elastic free energy. The alignment defect not only can be minimized by lengthening FLC's pitch but also can be further reduced by lowering FLC's free energy from asymmetrical alignment surfaces. The R3206 FLC material was applied as our model compound. The contrast ratio of pitch-lengthened R3206-70 was greatly enhanced from 76 to 780 in the asymmetrical alignment hybrid cell.
The coordinate system of a HV-FLC cell is illustrated in Fig. 1 . The molecular director can be expressed as n = ͑sin cos ,sin sin ,cos ͒, ͑1͒
where and represent the cone angle and azimuthal angle, respectively. When the molecular director of uniformly aligned FLC is parallel to the z-axis, the one dimension total free energy per unit area of FLC cell can be expressed as 12,13
where W d is the elastic free energy density, F s is the surface energy per unit area, and d is the cell gap. The elastic free energy density of such uniform state can be simplified as
where K 2 and K 3 are the elastic constants and p is the pitch length of FLC. The surface energy per unit area is the energy summation of the top ͑t͒ and the bottom ͑b͒ substrates, which can be expressed as
where ␥ 1 and ␥ 2 are the nonpolar and the polar surface interaction coefficients, respectively, and p and ŝ are the unit vectors of polarization and surface normal. oriented by rubbing direction in the SSFLC cell ͑ t = b = ͒, the surface free energies can be rewritten as
Thus, the total free energy per unit area of P S up and P S down domains can be expressed as
Based on Eq. ͑6͒, lengthening the pitch ͑p͒ can lower the free energy and improve the molecular alignment. The P S up and the P S down domains, however, coexist in the cells due to the same minimum total free energy, yielding from the same polar surface interaction coefficients from the top and the bottom alignment surfaces, i.e., ␥ 2 ͑t͒ = ␥ 2 ͑b͒ . As a result, the different polar surface interaction coefficients, ␥ 2 , holds the key to further reduce the FLC's free energy when both the top and the bottom surface polarities ͑S͒ stand opposite. 10, [13] [14] [15] The total free energy of FLC is further degenerated into two energy levels when the term of polar surface energy is not zero. Thus, the uniform molecular alignment yielded from the uniform P S direction can be obtained at the lowest free energy level in the asymmetrical alignment surfaces. 16 To validate the theoretical prediction, a HV-FLC material R3206 ͑Iso 109.9 N ‫ء‬ 79.5 SmC ‫ء‬ Ϫ17.9 C, P S = 20.1 nC/ cm 2 , V sat. at 3.5 V, pitch= 0.8Ϯ 0.2 m, from AZ Electronic Materials͒ was employed as our model compound. R3206 H ͑Iso 110.7 N 73.8 SmC Ϫ29.7 C͒, a racemic mixture of R3206, is prepared for adjusting R3206's pitch length. A series of R3206 H was mixed into R3206 at different weight percentages. The alignment textures of R3206 and their various mixtures from polyimide ͑PI͒ cells ͑1.8Ϯ 0.1 m͒ were captured under a polarizing optical microscope. Polydomains are presented in the entire R3206 sample, as shown in Fig. 2͑a͒ . The diluted R3206 mixtures appeared to have better alignment than the pure R3206. The larger horizontal chevron domain defects were shown when the weight percentage of R3206 was lower than 70%, as in Figures 2͑c͒ and 2͑d͒ . In the series of R3206 mixtures, P S values were almost linearly depended on the R3206 weight percentage, as shown in Fig. 3 . The saturation voltage ͑V sat. ͒, characterized by 100 Hz square wave under 1.8 m cells, was increased while P S value was decreased. Among all mixtures, the 70 wt % R3206 mixture, denoted as R3206-70 ͑Iso 109.4 N ‫ء‬ 76.8 SmC ‫ء‬ Ϫ21.9 C, P S = 12.5 nC/ cm 2 , pitch = 3.9Ϯ 0.2 m͒, maintains low driving voltage with good alignment. FLC's alignment was improved by pitch lengthening mixture. The contrast ratio of R3206-70 was improved from 11 to 76 in PI cell, comparing with the original R3206. The horizontal chevron defects, however, were still present in the PI cell 12 as the theoretical prediction. According to Eq. ͑6͒, asymmetrical surface polarity hybrid cell was applied to further reduce alignment defects. The P S direction was drawn to the surface polarity direction, yielding two domains in the symmetrical PI cell, as shown in Fig. 1 . On the contrary, the direction of P S is attracted from the top alignment surface while the direction of P S is repulsed from the bottom side of the alignment surface in the opposite surface polarities. Consequently, the overall P S falls into the same direction. In our experiment, polyvinyl alcohol ͑PVA͒ and PI were applied for obtaining their opposite surface polarities, which were determined by the dissymmetric cell method. 15 In the PVA-PI asymmetrical surface polarity hybrid cell, the layer structure of R3206 appeared in uniform direction with microdomains, as shown in Fig. 4͑a͒ . The horizontal chevron defects were completely suppressed in the pitch-lengthened R3206-70 cell, as shown in Fig. 4͑b͒ In summary, we have prepared a horizontal chevron defect free FLC device without the need of applying external voltage. The FLC's elastic free energy derived from theory indicates that the lower LC's free energy can be obtained from asymmetrical surface alignment layers in HV-FLC cell. The polar surface interaction is one of the most important parameters besides the pitch length to obtain a good alignment quality in the FLC cell. The contrast ratio of pitchlengthened R3206-70 in an asymmetrical surface polarity hybrid alignment ͑PVA-PI͒ cell has been greatly improved over a factor of 11, compared with symmetrical PI cell. The saturated driving voltage and response time of R3206-70 are maintained at 1.0 ms below 5 V. Thus, the defect free, low driving voltage, fast response FLCs have great potentials to conserve the energy in field sequential color applications or motion-blur reduction in the active matrix thin film transistor ͑TFT͒ displays. 17 The author would like to thank Mr. Yun-Yen Tsai and Mr. Kun-Zhan Li for their assistance in the experiments. The financial support was provided by National Science Council of the Republic of China under Grant No. NSC97-2221-E-009-037 and was partially provided by the MOEA Technology Development for Academic Project No. 96-EC-17-A-07-S1-046.
